A new light scattering method is developed to measure scattering amplitude fluctuations resulting from either internal motions of flexible macromolecules or rotations of rigid particles. With a single-beam two-color cross-correlation scheme, the technique becomes insensitive to rapid phase fluctuations of the scattered light produced by translational motions of the scattering particles. We frame the scattering theory so as to encompass rotations and number fluctuations of small particles in a steady laminar flow. Experiment verifies the theory and demonstrates its applications. The technique can be used to measure the magnitudes of the local velocity and the flow vorticity. It can also be used to measure internal motions and shape fluctuations of flexible macromolecules. The advantages of the technique are its high spatial resolution, fast temporal response, and ease of use.
I. INTRODUCTION
In recent years there is a growing interest in studying internal motions and shape fluctuations of polymer molecules,' microemulsion droplets,2 and other flexible macromolecules or aggregates.3 Many experimental and theoretical investigations also focus on rotational dynamics of small particles in concentrated colloidal suspensions4P5 and in hydrodynamic flow~.~ A variety of experimental methods have been used to measure the time dependence of thermal and hydrodynamic fluctuations in these systems, and one of the most popular methods is the homodyne autocorrelation spectroscopy (HS) .7,8 With the HS scheme one scatters a monochromatic laser light from particles suspended in a fluid (e.g., colloidal particles, polymer molecules, or some self-assembly aggregates). These particles scatter light while undergoing Brownian motion or following local flow. A photodetector records the scattered light intensity I(t), which fluctuates due to the motion of the particles. The frequencies of the fluctuating intensity can be obtained from the intensity autocorrelation function' g,(t)=(l(t'+t)l(t'))/(I(t'))2.
Here the angle brackets represent a time average over t'.
The correlation function g,(t) is most sensitive to the relative particle translational motions, which result in rapid phase fluctuations of the total scattering field due to the interference between the coherent fields scattered by different moving particles. When the particles are optically anisotropic, their internal motions or rotations can produce additional amplitude fluctuations of the scattering field. The measured g,(t) then becomes a product of two correlation functions; one is for the amplitude fluctuations of the scattered field and the other is for the phase fluctuations. In order to use the HS method to probe the scattering amplitude fluctuations, one has to know exactly the particle translational motions. In addition, the experimental situation is sometimes complicated by the fact that the B'Ako Department of Physics, The Chinese University of Hong Kong, Shatin, NT, Hong Kong.
decay of g,(t) is usually dominated by the rapid phase fluctuations of the scattered light.
In this paper we report a new scattering method, which measures only the frequency spectrum of the scattering amplitude fluctuations. To accomplish this an incoherent light detecting method is used in order to be insensitive to the rapid phase fluctuations produced by the relative Doppler shifts of the scattering particles. Experimentally, we measure the intensity cross-correlation function g,(t) = (r,(t')l,(r+t))=l+bG (t) where Ib and Ig are the scattered intensities (for example, the blue light and the green light) from the same laser source, and b (~1) is an instrumental constant which depends on the geometry of the experimental setup. Because there is no phase coherence between Ib and Ig, g,(t) is only sensitive to the scattering amplitude fluctuations. This method takes the advantages of a laser source while eliminating its coherence by using the two-color crosscorrelation scheme. Under different sampling conditions, cross-correlation schemes have been used in studies of anticorrelations of light scattered by nonspherical particles,g local structure in disordered phases,'oP11 and suppression of multiple scattering effects in optically thick media.'2-'4 Our two-color cross-correlation scheme is capable of measuring the scattering amplitude fluctuations with a cutoff frequency up to 1 MHz and a spatial resolution better than 100 pm. The experimental uncertainties are essentially statistical. At a moderately high scattering intensity (I-lo4 counts/s), it only takes -10 min to collect the data with an adequate signal-to-noise ratio. Since an incoherent detecting method is used, an increasing number of particles in the scattering volume tends to average out the scattering amplitude fluctuations. In fact, as will be shown below, the function G,(t) goes as l/N, where N is the number of particles in the scattering volume. In a typical experimental arrangement the particle number in the scattering volume can be controlled in the range 1 <N < 100, and therefore, the smallest signal-to-noise ratio [evaluated by the value of G,(t) at time t=O] is at the 1% level. Because of the small signal-to-noise ratio, it is difficult to measure g,(t) using normal commercial correlators. The new correlator used in the experiment is the ALV-5000 multiple-T correlator, which makes it much easier to probe incoherent fluctuations with small amplitudes and long relaxation times. The ALV-5000 correlator is capable of measuring fluctuating signals with a signal-to-noise ratio as low as 0.1%. It should be pointed out that the present technique is not meant to replace the homodyne or the heterodyne autocorrelation methods, rather, it should be used to complement these techniques. Unlike the autocorrelation function gJ t), the cross-correlation function g,(t) measures the frequency spectrum of scattering amplitude fluctuations without any contamination from translational motions of the probe particles. Our cross-correlation method is particularly useful to measure rotations of rigid particles and internal motions and shape fluctuations of flexible macromolecules in situations where either the particle translational motion is not known, or the fluctuation spectrum of the scattering intensity is dominated by the rapid phase fluctuations resulting from the particle translational motion.
The paper is organized as follows. First, we present the theoretical calculations necessary to measure the scattering amplitude fluctuations using incoherent cross-correlation spectroscopy. We consider two common sources which produce the scattering amplitude fluctuations: ( 1) rotations of optically anisotropic particles in a steady laminar flow and (2) particle number fluctuations in the scattering volume when a hydrodynamic flow is present. Second, we report experimental results which verify the method and illustrate its applications. A primary objective of the paper is to delineate the experimental conditions for the measurement of the cross-correlation function g,(t). In the experiment, the incoherent cross-correlation spectroscopy is first applied to study Brownian rotation of small rodlike particles in water. We then use the technique to study number fluctuations of small particles in a steady laminar flow. Our experiments illustrate that incoherent cross-correlation spectroscopy is a useful technique to measure the magnitudes of the local velocity and the flow vorticity. Although the present experiments are motivated by studies of hydrodynamic flows, we expect the technique of incoherent cross-correlation spectroscopy to be useful in the future for measuring the internal motions and shape fluctuations of flexible macromolecules. Measurements of the crosscorrelation function g,(t) will yield information about the fluctuation spectrum of the internal modes3 of the molecules without predominant contributions from translational motions of these molecules.
II. THEORY
The basic dynamic light scattering theory for coherent and incoherent sources can be found in the literature."15 Here we review the theory so as to encompass rotations and number fluctuations of small particles in a steady laminar flow. In many cases rotational and translational diffusive motions of small probe particles suspended in a ther- ma1 equilibrium solution (no hydrodynamic flow) serve as useful examples to test the theory and to calibrate the measurements. Therefore, Brownian motion of small seed particles is briefly discussed in the section as well.
A. Scattering from optically anisotropic particles
We consider the scattering by N identical particles, which scatter light anisotropically. Here the word "particles" refers to colloidal particles, polymer molecules, microemulsion droplets, and other flexible macromolecules or aggregates suspended in a solution. Composition fluctuations of fluid mixtures near the critical point may also be viewed as "scattering particles." In the case where the polarization direction of the incident beam is perpendicular to the scattering plane, the total electric field, E(t), is a simple sum of the fields radiated by each of the particles in the illuminated volume, and has the form' j=l - where aif( t) =nf * a(t) * ni is the component of the molecular polarizability tensor a(t) along the incident polarization direction ni and the final scattered polarization direction nf, both of them being fixed in the laboratory. In Eq.
( 1) rj( t) is the position of the center of mass of the fib particle at time t, q is the photon momentum transfer vector to be defined below, and a proportionality constant has been omitted for simplicity. Figure 1 shows a typical scattering geometry. The scattering plane is defined by the incident wave vector ki and the scattering wave vector kf . The polarization direction nf of the detected light can be either perpendicular to the scattering plane (the VV scattering geometry) or parallel to the scattering plane (the VH scattering geometry). The momentum transfer vector is q = k;-kf , and its amplitude is q= (4572/A) sin ( e/2), where 8 is the scattering angle, n is the refractive index of the solvent, and /z is the wavelength of the incident light. The polarizability component aif varies in time either because of the rotations of the particles or because of the internal motions of the particles if they are flexible. The phase factor e-iq.r(t) changes with time since the particles move.
The cross-correlation function of the scattering light intensity is defined as where the angle brackets represent the time average. In the simple case where the molecular polarizability tensor a(t) is independent of the wavelength of the incident light, we have Q6= Q,= Q, with To get Eq. (5) we have made following assumptions. ( 1) There is no orientational correlation between particles in the dilute solution [(c& 0) CY$( t) ) =0 for i#j]. Therefore, all the terms in Eq. (4), which satisfy the condition i= j#k=I, may also be dropped. This assumption is certainly valid for rotational diffusion in thermal equilibrium, but it remains to be checked for turbulent fluid motions.
(2) The number of particles in the scattering volume changes with time, which is statistically independent of A(t).
The cross-correlation function g,(t) in Eq. (5) can be rewritten as
In the above, we have assumed that the phase and the amplitude fluctuations of the scattered light are statistically independent. This decoupling approximation is valid because the time scales involved in the two processes are usually widely separated. The fluctuation terms (if-j) in Eq. (3) do not survive a time or ensemble average, because the particles are assumed to be randomly distributed in the fluid.
The function K in Eq. (2) has the form
where v[rj(t)] is the local velocity of the particle at position rj( t), qb and q, are the photon momentum transfer vectors for the blue light and the green light, respectively. Because of the random distribution of the particles in the fluid, the fluctuation terms in Eq. (4) may also be dropped, and the remaining terms must satisfy the condition
The possible choices to satisfy the condition are ( 1) i= j = k=l, for arbitrary nonzero qb and q,; (2) i= j#k=l, for arbitrary nonzero qb and q,; (3) i=I#j=k, for qb=q&O; and (4) i=k#j=I, for qb= -q,#O. Equation (2) then becomes g,(t) = 1 +g&> +&%(t) +&A(%= *ta&),
with gN(t>=(SN(0)GN(t))/~2, gA(t)=(GA(0)SA(t))/ A2, and &,h (qb = * qg;$ being the second term in Eq. (5). Here &V(t)=N(t)-iV and SA(t)=A(t)-A. Since in a typical experimental arrangement the particle number in the scattering volume can be controlled in the range 1 <fi < 100, a second order term ( -1/f12) in Eq. (7) is ignored. The coherent correlation function gcoh (qb = f q&t) is a product of two correlation functions; one is for the amplitude fluctuations and the other is for the phase fluctuations of the scattered light. The phase fluctuations arise from the interference between the coherent fields scattered by different moving particles, and thus F(q,t) equals to zero if the condition qb= f qg is not met. Under the condition qb= =J=qg, there is only one photon momentum transfer vector (q) involved, so that the subscripts b and g are dropped in Eq. (6). Notice that the amplitude of &&(qb= f qg;t) is essentially 1, while gN( t) and gA( t) go as l/fl. Another important difference between &&(qb = *q,;t) and gN(t) [or gA( t)] is that the "translational factor" F( q,t) is a function of q, but gN( t) and gA (t) are purely local in character and hence do not depend on q.
where N(t) is the number of particles in the scattering volume, A (t) [ = CZ$-( t)] is the scattering power of the particle, and Experimentally, One Can measure gcoh ( qb = f q, ;t) Using either the autocorrelation method7 with qb=qg, or the cross-correlation scheme"-'4 under the condition qb = -qg. In both cases, one should keep fi> 100. [The new correlator to be used in the experiment can pick up contributions from gN( t) or/and gA ( t) when fi < 100.1 Notice that even in the limit 8% 100, the overall particle concentration may still be very low, so that the particle interaction and the multiple scattering effects can be ignored. The function gN(t) can be obtained under the conditions qb # f q, and fl< 100. Optically isotropic spherical particles (which are commercially available in various sizes) should be used, so that the measured correlation function is not sensitive to the rotational motion of the probe particles [gA( t) =O]. The function gA (t) can be obtained under the same conditions. However, optically anisotropic particles should be used in this case, and the time scales for g,(t) must be well separated from those for gN(t), since the measuredg,(t)=l+gN(t)+gA(t)-
The condition i= j = k=l gives rise to the first term in Eq. (5), and the conditions i=l#j=k and i=k#j=l result in the same function, which is the second term in Eq. (5). = +q,;t) is also utilized to probe the rotational diffusion of small particles suspended in a solution. 4'5y7 This can be done when the translational motion of the particles is exactly known. An example is the translational and rotational motions of Brownian particles rium solution. In this case F(q,t) = = *q,;t) has the following forms:7 g$f(qb= fqg$) =e-(12e+2D2)t, and tation of an optically anisotropic particle is specified by a unit vector u directed along the optical axis of the particle with spherical polar coordinates (13,+).
Further calculation of g, (t) thus reduces to the deterin a thermal equilibmination of the function P(u,t;uo,O), which reflects how e-2 D$ t , and &oh ( qb the angles f3( t) and $(t) change with time. For small particles in a steady laminar flow, P(u,t;uo,O) can be calculated by solving the convective rotational diffusion equa- (8) tion. Since the orientation vector u can be regarded as a point on a unit sphere, rotational diffusion of u can be treated as translational diffusion of the end point of u on the unit sphere. Therefore, we have
when the VH and VV scattering geometries are used, respectively. In the above, @ (all --a, ) and CZ= ( oII +2ar, )/3, with the molecular polarizability tensor being assumed to be of cylindrical symmetry with a molecularfixed polarizability component all parallel to its symmetry axis and CZ~ in any direction perpendicular to this axis. In the last equality of Eq. (9), the ratio /?/a is assumed to be small. The rotational diffusion constant 0 and the translational diffusion constant D have been calculated for spherical and rodlike particles.7
B. Rotations of small particles in laminar flows
The discussion on the scattering amplitude fluctuations in the above section is general; either rotations of optically anisotropic particles or internal motions of flexible molecules can produce such fluctuations. Here we focus on the rotation of small particles in a steady laminar flow. The molecular polarizability tensor of the probe particles is assumed to be of cylindrical symmetry. It has been shown7 that the correlation function g,(t) has the following forms: and (10)
In the above, the orientational correlation function
where the Yl,(u) are the spherical harmonics, and P( u,t;uO,O) is the probability density function for a particle having orientation u at time t given that it had orientation u. initially. The function K( uo> = 1/(4~) is the probability distribution of initial orientations of the probe particles, and it is assumed to be of uniform distribution. The orien-&+ (V,' 0,) P(u,t;uo,O) =eV2$ht;uo,o), 1 (13) where v, is the linear velocity of the end point on the surface of the unit sphere, 8 is the rotational diffusion constant of the seed particles, and the subscript u indicates the constraint on the unit sphere.
In the spherical coordinate system Eq. ( 13) becomes mwYo,o) at
where (15) Tong, Xia, and Ackerson: Incoherent cross-correlation spectroscopy 9259
and A a rz=-iw
In the above, f is the total angular momentum operator in the quantum mechanics, i, is the z component of j, and fi is the amplitude of the angular velocity fl of the particle. The direction of 0, is assumed to be along the z axis parallel to the incident polarization. The final solution of Eq. (14) is P(u,t;uo,O) = 2 e --i~m+e~([+l)l'Y~,m(uo) q&l,.
Lm (17) With Eqs. (17) and (12) 
Equations ( 18) and ( 19) show that an appreciable amount of the depolarized scattering light is needed in order to measure the rotation of the probe particles. It is seen that g,""(t) will not decay much if the ratio D/C-Z is small. On the other hand, gl*( t) has a relatively large signal-to-noise ratio. Equation ( 18) can be used to measure the magnitude of the local vorticity, w=VXv, in a steady laminar flow with a stream velocity v. The vorticity is obtained using the fact that spherical particles rotate at a frequency, fl, accurately equal to half the vorticity (w=~R).~,~~ To accomplish this it is necessary to seed the tlow with particles which are spherical in shape but scatter light anisotropitally. Eq. ( 18) is useful to measure the convective rotation rate of the probe particles only when Sz is larger than 68. This can be achieved by choosing large particles, since 8 is inversely proportional to the cube of the size of the particles.7 It is also seen from Eq. ( 19) that g:'(t) is not sensitive to the hydrodynamic flow. This is because the direction of a is assumed to be along the z axis parallel to the incident polarization. Perhaps it is more interesting to measure the local vorticity w in a turbulent flow, in which both the magnitude and the direction of w change with time. We will address the issue in a separate paper.24
C. Number fluctuations in flow systems
The correlation function gnr( t) for number fluctuations can be written as22
where P(r-r,;t) is the probability density function for a particle to move from r. to r in a time t, and I(r) is the light intensity profile. In a typical laser scattering experiment, the scattering volume has a thin cylindrical shape with the length L of the cylinder being much larger than its waist radius (T. Therefore, the intensity profile has the form
where r, is the radial distance-from the center of the laser beam, and IO is the light intensity at the center of the beam. Equation (21) assumes that the intensity distribution in the direction of the beam propagation is uniform, and that in the perpendicular direction 'it is Gaussian. The probability density function P( r -r,;t) characterizes the dynamics of the probe particles in the fluid. For Brownian particles with a uniform initial particle distribution, P(r-ro;t) has the form157'8S22
o-(r-d/(4 Dt) P(r--r0;t) =*, and 1 &v(t) = -N( 1+4 Dt/$) .
where P(v) is the probability density function of the local velocity u perpendicular to the direction of the beam propagation. The spatial resolution for the local velocity measurement is determined by the scattering volume viewed by a photodetector. In a typical experimental arrangement, the length L of the scattering volume can be controlled below 100 ,um. By changing the direction of the incident laser beam, one can measure the local velocity in different directions. The beam waist radius o can be calibrated using Eq. (23) when the flow is absent. Besides its advantages of high spatial resolution, fast temporal response, and ease of use, the technique has a sampling rate much faster than that of laser Doppler velocimetry (LDV). This is because the present technique may allow -100 particles in the scattering volume, whereas the LDV method only allows one particle in the scattering volume at any given time. It is seen from Eq. (23) that the characteristic decay time of gN( t) is the time taken by a particle to diffuse a distance of (T. This time (g/D)
is of the order of seconds for typIll. EXPERIMENT ical values of (T and D. It is much larger than the characteristicdecaytime (D42)-1forgcoh(qb=fqg;t) inEq. (9) (typically between ms and ps, the time taken by a particle to diffuse a distance comparable to the wavelength of the incident light).
When the particles in the scattering volume have a uniform velocity v, the function P(r-ro;t)
takes the form22 Figure 2 shows the experimental setup. The lens L, focused the incident beam from a 4-W argon-ion laser (Coherent Innova-304) to form a thin cylindrically shaped scattering volume in the sample solution. The focal length (f) of L, was 34 mm, and the incident beam radius (no) was 0.8 mm. This combination should give a focal spot radius a~0.6fil/ao~13 pm. The beam radius is a very sensitive parameter to control the scattering volume 
P(r-ro;t) =S[ (r-ro) -vt],
and then (24) gN( t) = ( 1/R)e--(vt'0)2.
For turbulent flows we have (2% viewed by photodetectors. The laser was under multiline operation with a wavelength range from 457.9 nm to 514.5 nm. The laser intensity was regulated under the light regulation and the power track modes. The maximum variation of the peak intensity was below 0.5% in a half-hour period.25 The stability of laser light is important in measuring the scattering amplitude fluctuations with long relaxation times. The lens L2 imaged the laser beam in the sample cell without a magnification onto a slit S of variable width from 0.01 to 3 mm. Light passing through the slit S fell on the photomultipliers, which recorded the timevarying intensities. The polarizer P in front of the laser ensured that the incident light was vertically polarized, and the analyzer A allowed either horizontally polarized light ( YH scattering geometry) or vertically polarized light ( VV scattering geometry) to go through. The two photomultipliers PM1 and PM2 were mounted at right angles on a cubic box, which was located behind the analyzer. The beam splitter BS in the center of the cubic box had a reflection-to-transmission ratio of 50/50. An interference filter (F1 or F2) was placed in front of each of the photomultipliers. These filters had a bandwidth (FWHM) of 1 nm. The spectral line for F, was 488 nm, and that for F2 was 514.5 run.
The 'M'L pulse trains from the two photomultipliers were fed to the correlator, whose output gives the crosscorrelation function
where 1, is the intensity of the blue light (A =488 nm), Ig is the intensity of the green light (/z= 5 14.5 nm), and b is an instrumental constant which depends on the geometry of the experimental setup. Because there is no phase coherence between the blue light and the green light, the measured G,(t) =gN( t) +gA (t) . The correlation function g,(t) =O, when optically isotropic spherical particles are used. Measurements of g,(t) were made at room temperature. The ALV-5000 multiple-T correlator was used to measure g,(t) with a fixed range of lag times between 0.2 ys and 1 h. An optimum statistical accuracy over the whole range of lag times was ensured by 3 1 sample times and 8 X 8 bit or 16 x 16 bit processing into 256 channels (almostlogarithmic spaced in time) of 64 bit depth.26
The sample cell was a standard couvette, 1 cmX 1 cm in cross section and 6 cm in high. It was filled with a dilute aqueous suspension of probe particles. The volume fraction of the particles was below 10m5. We have verified that in this particle concentration range, the particle interaction can be ignored. In the test of the technique itself, we first studied Brownian rotation of the polytrafluoroethylene (PTFE) latex particles. The PTFE particles were synthesized by a dispersion polymerization process, which, in the presence of the emulsifier, yields stable aqueous latexes.*' The latex particles thus formed possess a crystalline structure and optical anisotropy.28,2g Such a colloidal suspension is ideal for the investigation attempted here. With the electron microscope we find that the PTFE particles have a rodlike shape with an average length 0.45 ,um and an average diameter 0.19 pm. The particles are relatively monodispersed with an average polydispersity of 16% (the standard deviation over the average length). To further characterize these particles, we also measured the intensity autocorrelation function g,(t) = UWW+t>VU)2= 1 +bG,(tL (28) where I(t) is the scattering intensity. The measured G,(t) is just the coherent correlation function &&( qb= f q,;t), which is calculated in Eqs. (8) and (9). The experimental setup was the same as shown in Fig. 2 , except only one photomultiplier was used. Measurements were made at the scattering angles from 20" to 150".
IV. RESULTS Figure 3 shows the measured g,(t) as a function of log t for the PTFE particles. The measurement was made at 8=90" and with the VH scattering geometry. The solid curve is a fit to 1 +be-2rt, from which we obtain the decay rate I'=1.16 ms- ' and b=0.56. According to Eqs. (8) and (9)) the decay rate l? yH= 68 + Dq* in the VH scattering geometry and rvv= Dq* in the VV scattering geometry. Figure 4 shows the measured l? as a function of 8 for the two scattering geometries. The solid lines are linear fits to the data points. The two fitted lines have the same slope, from which we find D= 1.8 X low8 cm*/s. As we expected, the intercept of the lower solid line is zero. From the intercept for the VH scattering geometry, we obtain 0=41 f6 s-l. The obtained values of D and 0 agree satisfactorily with previous measurements by Piazza et a1.28 Using the formulas for the diffusion constants of rodlike particles,' we find that the length of the PTFE particles equals 0.46 pm, with the aspect ratio of the particle diameter to the length being 0.42. This result agrees well with the electron microscopic observation, as discussed in Sec. III. Figure 5 shows the measured cross-correlation function g,(t) vs t for the dilute PTFE aqueous suspension in . In our measurements the typical signal-to-noise ratio [evaluated by the value of g,(t) -1 at time t=O] for g,(t) is in the range between 10% and l%, which is very small compared with 56% for g,(t) (see Fig. 3 ). Nevertheless, the ALV-5000 correlator is capable of measuring such small intensity fluctuations. In fact, using the ALV-5000 correlator we were able to measure fluctuating signals with a signal-to-noise ratio as low as 0.1%. It is seen that there are two decay modes in Fig. 5 . The slow decay is caused by number fluctuations of the particles in the scattering volume, and will be discussed later. The fast decay in Fig. 5 is produced by Brownian rotations of the PTFE particles. The solid curve in Fig.  5(a) is the fitted form 1.037+0.06 exp( -t/1.8 ms), and using Eq. (18) (with !J=O) we find 0=46*6 s-l. The solid curve in Fig. 5 (b) is the fitted form. 1.004+0.027[ 1 .+0.7 exp( -t/3.8 ms)]*, from which we obtain 8=44=t6 s-l [see Eq. (19)]. These values of 8 agree with the measurements in Fig. 4 . Figure 5 thus demonstrates that incoherent cross-correlation spectroscopy is capable of measuring the pure scattering amplitude fluctuations whereas the fast phase fluctuations of the scattered light are eliminated.
We now discuss the differences between gIH(t) and gI'( t). As shown in Eq. ( 19), the isotropic scattering (proportional to (r2) in the VV geometry contributes a background signal to gl '( t) . Such a background signal usually reduces the signal-to-noise ratio for measurements of g, ""(t) . This effect is not pronounced in Fig. 5(b) because of the relative large value of /3/a for our PTFE crystalline particles. By comparing Eq. (18) with Eq. (19), one finds that the functional form of g,""( t) is more complicated, and an additional fitting parameter (p/a) is needed in order to fit the measured gz"( t) . In fact, we used four fitting parameters for the solid fitting curve in Fig.  5(b) . The first two amplitudes (i.e., 1.004 and 0.027) in the fitting curve have large uncertainties. Since the scattering in the W geometry is strong, one normally does not need much laser power to measure g, ""(t) . A small laser power can reduce the local laser heating, which may introduce a convection flow in the sample cell. As will be discussed below, a small convection flow can cause a noticeable change in the decay of gN( t). In fact, such an effect can be seen in Fig. 5 . The slow decay mode in Fig. 5(a) shows a larger decay rate than that in Fig. 5(b) . This is because the incident laser intensity in the VH geometry [ Fig. 5 (a) ] is stronger than that in the VV geometry [ Fig.  5(b) ], and the laser heating enhances the particle number fluctuations.
To study the particle number fluctuations in the scattering volume, we measured g,(t) in the identical cell, but with the PTFE rodlike particles replaced with polystyrene latex spheres of various diameters. These latex spheres are optically isotropic scatterers, and the measurements were made in the VP scattering geometry. Figure 6(a) shows the measured g,(t) vs log t for the latex spheres of diameter 0.14 pm. For comparison, we also measured g,(t) for the same latex partides [ Fig. 6(b) ]. It is seen from Fig. 6 that the translational diffusion of the particles contributes a fast decay mode to g,(t). This fast mode is absent in the measured g,(t) because the incoherent detecting method was used. The solid curves in ms, we obtain the diffusion constant D=3.0~ lo-* cm2/s and the expected value of the particle diameter.
With the measured slow decay time rs= 18.5 h4 s and the diffusion constant D, we calculate the beam waist radius (T = ms = 14.9 pm [see Eq. (23)]. This beam waist radius is consistent with our estimated value of 13 ,um. The 2 dependence of rs has also been verified experimentally. We find that the decay time rs is increased four times when the focal length f of L, is doubled. It should be pointed out that the functional form of the measured gN( t) in Fig. 6 is exponential-like, which is different from the calculated one in Eq. (23). At short delay time t, the two functions are indistinguishable, but the measured gN( t) decays faster than that shown in Eq. (23) at large delay times. One possible reason for this deviation is the nonGaussian beam profile. A Gaussian beam profile is assumed in obtaining Eq. (23). In the experiment we used a diaphragm to reduce the diameter of the incident beam. Chromatic aberrations of the simple lens (L,) used in the measurements may also affect the beam profile. It is found that the measured gN(t) is extremely sensitive to the convection flow produced by the laser heating and even the nearby air current. In the experiment the sample cell was covered by a Styrofoam box to minimize the air current, and a small laser power ( -20 mW) was used to reduce the laser heating.
As shown in Eqs. (23) and (25), the amplitude of gN(t) is proportional to l/g. This is true when the scattered field obeys Gaussian statistics. If the fluctuations of the scattered field is, highly non-Gaussian, the 'amplitude .%vC~=O) =p2vm2
can be much larger than 1 (enhanced fluctuations). l5 Figure 7 shows the plot of the measured g,(t) vs log t for the polystyrene latex spheres of diameter 0.64 ,um. The fast decay mode is due to the translational diffusion of the latex particles, and the slow one is caused by the number fluctuations of particles in the scattering volume. The measured gN( t) (slow decay mode) in Fig. 7 has a much larger amplitude than those in Fig. 6 . For the measurement in Fig. 7 , there were only a few latex spheres of diameter 0.64 pm in the scattering volume (large particles were used to increase the scattering power). Fluctuations of the scattering intensity are found to be non-Gaussian, and their probability density function has a long tail at the large intensity side. For the measurements in Fig. 6 , on the other hand, the number of particles in the scattering volume was approximately 100, and the probability density function of the scattering intensity has a nice Gaussian form. The solid curve in Fig. 7 is the fitted form 1.0+0.84 exp( -t/21 s) +0.079 exp( -t/1.34 ms).
As discussed in Sec. II, gN( t) can be used to measure the flow velocity. The technique is tested in a laminar Poiseuille flow. The flow experiment was carried out in a rectangular cell with the dimensions shown in Fig. 8 flow was in they direction, and the incident laser beam was along the x axis with the polarization in the z direction. The scattering angle 6=45", which bisected the angle between the x axis and they axis. Because of the large aspect ratio of the cell, b/a= 12, the dominant velocity gradient was in the x direction. For the Poiseuille flow the velocity profile in the x direction has a parabolic form, and the flow velocity at the center of the cell Ye=3J/( 2ab), with J being the flow rate. The slit S of width 0.3 mm (see Fig. 2 ) was aligned, such that the photomultipliers could only see the scattering from the midpoint of the flow cell. In this way our measurements were most sensitive to the velocity Vs. Using a magnetically coupled pump (Micropump Model 13 16SS), an aqueous solution of the polystyrene spheres of diameter 0.64 pm was pumped through the cell at a constant rate J. A maximum velocity V,=82.5 cm/s could be achieved with this apparatus, and the corresponding Reynolds number Re= V&v-825. This Reynolds number is well below the turbulent transition Reynolds number for Poiseuille flo~s.~' Thus the experiment was in the laminar-flow regime. Figure 9 shows the measured g,(t) as a function of log t at Vo=41.0 cm/s. The solid curve is a fit to 1 +b exp[-(I't)2], with I'=33.3 ms-' and b= 1.59. The functional form of the measured g,(t) agrees well with the calculated one in Eq. (25). Because of the small number of particles in the scattering volume, the scattering shows enhanced fluctuations, which give rise to a large value of b. According to Eq. (25 ) , the decay rate l? = Vdu. Figure 10 shows the plot of the measured r vs V. for our latex-sphere solution. The measured F indeed shows a linear dependence on Vo, and the solid line in Fig. 10 is a linear fit to the data points. The slope of the straight line is 0.74~ lo3 cm -I, which gives the beam waist radius o= 13.5 pm. This result agrees well with our numerical estimation for o and with the calibration measurements in Fig. 6 . Notice that in the above measurements the flow velocity is known, so that the beam waist radius is measured simply as a selfconsistent check. In a real flow experiment the local velocity can be obtained from the measured decay rate r using Eq. (25). The beam waist radius u can be calibrated using Eq. (23) that can be measured using the technique is only limited by the Brownian diffusion of the seed particles. One can slow down the Brownian motion by using large particles. For particles of diameter 0.14 ,om, the limiting velocity can be as small as c/rs= 13 pm/20 s=O.65 pm/s. Our technique is particularly useful in the case where the conventional methods, such as hot-wire anemometry and laser Doppler velocimetry (LDV), are not suitable for measuring velocities. An example is turbulent Rayleigh-BCnard convection, in which there are large temperature fluctuations. The strong temperature fluctuations can ruin the calibration of a hot wire anemometer. Fluctuations of the refractive index of the fluid due to the temperature fluctuations may cause the laser beam to dance around in the turbulent fluid, which will perturb the crossing of two laser beams used in LDV.
V. CONCLUSION
Incoherent cross-correlation spectroscopy (ICS) is developed to measure scattering amplitude fluctuations resulting from either internal motions of flexible macromolecules or rotations of rigid particles. With a single-beam two-color cross-correlation scheme, the technique becomes insensitive to rapid phase fluctuations of the scattered light produced by translational motions of the scattering particles. In the theoretical calculation, we consider two common sources which produce the scattering amplitude huttuations: ( 1) rotations of optically anisotropic particles in a steady laminar flow and (2) the particle number fluctuations in the scattering volume when a hydrodynamic flow is present. Experimentally, we have examined Brownian rotations of rodlike particles and the particle number fluctuations at thermal equilibrium and in a steady laminar flow. The experiment verifies the theory and demonstrates its applications. Incoherent cross-correlation spectroscopy can be used to measure the magnitudes of the local velocity and the flow vorticity. Such measurements can be made without introducing an invasive probe. The advantages of the technique are its high spatial resolution, fast temporal response, and ease of use. The ICS technique is capable of measuring the scattering amplitude fluctuations with a cutoff frequency up to 1 MHz and a spatial resolution better than 100 pm. Besides its applications in studies of hydrodynamic flows, we expect the ICS technique to be useful in future for measuring internal motions and shape fluctuations of flexible macromolecules. Measurements of the cross-correlation function will yield information about the fluctuation spectrum of the internal modes of the molecules without predominant contributions from translational motions of these molecules.
